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Abstract 
The humidity response of pristine, suspended single-walled carbon nanotube (SWNT) gas sensors is analyzed. We employ 
ultraclean, dry-transferred carbon nanotubes, whose surface is not exposed to any resist-based or wet-chemical processes. Thanks 
to this, the nanotube surface remains pristine before gas exposure. The sensor response to NO2 follows a Langmuir isotherm. No 
cross-sensitivity to water up to 60% R.H. is observed, and the device remains sensitive to NO2 with no apparent degradation of the 
response. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Cross-sensitivity to humidity is a crucial concern for gas sensors, which have to operate in ambient humidity where 
water is present in far higher concentrations than the target analyte itself. In carbon nanotube gas sensors, theoretical 
studies suggest that pristine, clean SWNTs are insensitive to water [1]. Nonetheless, influence of water has been 
reported in several works [2, 3] with SWNT networks, but it was often attributed to interstitial sites, grooves or 
substrate-mediated interactions. Experimental investigations of the effect of water on pristine, ultraclean nanotubes in 
the absence of these extraneous influences is currently missing. 
We previously reported on the fabrication of individual SWNT gas sensors using a dry transfer process which 
provides advantages such as low hysteresis [4], ultra-low power consumption [5] and high signal-to-noise ratio [6] 
over surface-bound devices. Here, we report on the effect of humidity on these suspended, pristine nanotube sensors. 
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2. Sensor fabrication 
For fabricating our gas sensors, we use a dry transfer process which has presented previously in [5, 6, 7]. This 
process allows us to separate the high-temperature growth process from the contact formation process, enabling the 
fabrication of devices on a large variety of substrates and contact metals. In this work, we used Pd as the contact metal, 
as Pd is known to be one of the best contact metals for carbon nanotubes. 
A summary of the process flow is shown in Fig. 1. The growth chip consists of poly-silicon forks on which carbon 
nanotubes can span. Single-walled carbon nanotubes are grown at 850°C using CH4 as the carbon feed and iron-loaded 
ferritin as the catalyst precursor. The surface density of nanotubes is adjusted by diluting the ferritin solution. On a 
separate substrate, a second set of electrodes is metallized through thermal evaporation of palladium. The large 
undercuts form self-aligned source and drain and gate electrodes (on the handle layer) which are isolated from each 
other. The growth chip and the receiver chip are then brought together under electrical and optical observation. The 
appearance of a current between the source and drain electrodes indicates a successfully transferred nanotube.  
Fig. 1. Fabrication of the carbon nanotube gas sensor; a) Metallization of the receiver chip to form self-aligned source, drain and gate electrodes. 
120 nm Pd is used as the contact metal. b) Carbon nanotubes grown on a growth chip (red forks) are transferred onto the metal electrodes under 
optical and electrical monitoring. c) The final device after the transfer is complete. The channel length is typically about 3 μm.  
3. Device characterization  
Fig. 2. Transfer characteristics (drain current vs. gate voltage) of a carbon nanotube field-effect transistor (Dev #1) fabricated using the dry 
transfer process. A p-type transistor with a threshold voltage of about -2.5 V is observed. The drain current is still rising at Vgd = -10 V, indicating 
that the transistor is still in the linear region of the characteristics. Inset: same curve in logarithmic scale. The subthreshold slope is about 3000 
mV/dec.  
 
For all the measurements performed in this work, gate sweeps were performed every 10 seconds using pulsed gate 
sweeps. Electrical characteristics of the devices show transistors with p-type conduction. The average characteristics 
from 10 sweeps for one such device (Dev #1) are shown in Fig. 2. This behavior is expected for Pd, a high work-
function metal, that is supposed to form favorable Schottky barriers for hole conduction and suppress the electron 
conduction. The subthreshold swing is approximately 3000 mV/dec, which is due to the large gate-drain distance 
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(3μm), due to which the gate coupling is relatively poor. The measured gate hysteresis is close to the noise level, 
owing to the ultraclean nanotubes and the absence of dielectrics and process residues near the nanotube [8]. 
4. Sensor response to NO2 in dry air 
Fig. 3. Sensor response S as a function of the NO2 concentration for Dev #1 (relative conductance change measured at Vgd = -10 V and Vsd = 
+1V. The steady-state sensor response increases with increasing NO2 concentration, on which a Langmuir isotherm can be fitted (in terms of partial 
pressure p, with the equivalent relationship being 1 ppm = 0.1 Pa). Through the fit, Smax = 2.2 and K = 3.2 Pa-1 are extracted. The error bars represent 
the standard deviation of the sensor signal during measurement. 
 
The sensor signal considered is the relative change in conductance (i.e., S = ΔG/G0). The conductance of the device 
in dry air is considered to be the baseline conductance. Fig. 3 shows the results of measurements on Dev #1 upon 
exposure to increasing concentrations of NO2 from 0.25 ppm to 4 ppm in dry air. Assuming a proportionality between 
the surface coverage and the sensor signal, we can fit a Langmuir isotherm on the calibration curve of the sensor. 
From this fit, we can extract K = 3.2 Pa-1 and Smax = 2.2.  
5. Sensor response to NO2 in humid air 
Fig. 4. a) Transient response of Dev #1 to NO2 in humid air (40% R.H.) The initial section of the measurement (blue circles) is performed in 
dry air, after which 40% relative humidity is introduced. The output of the humidity sensor is shown in b). For the sensor signal, the raw data as 
well as the time-averaged data corresponding to 1 min (in red) and 5 min (in black) averaging are shown. The sensor shows no response upon 
humidity increase. NO2 is then introduced into the chamber as shown, whereupon the sensor responds by a 125% increase in conductivity. The 
temporary jump in current at ~24000 s is attributed to giant random telegraph noise (RTN) that has been observed in carbon nanotubes [9]. 
 
As a next step, the response of the sensor (Dev #1) to NO2 was monitored in the presence of humidity. The humidity 
and temperature in the chamber was monitored by using a SHT21 sensor which was placed immediately next 
(downstream) to the nanotube gas sensor, so that the humidity levels experienced by the sensor were measured in situ 
and concurrent to the sensor response. The results of this measurement are shown in Fig. 4.  
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When the gas flow switches from dry air to 40% humid air, there is no apparent change in the sensor response; the 
baseline continues as before. However, when NO2 is introduced, the sensor responds by an increase in conductance 
of 125%, which is visible in Fig. 4. Compared to the sensor response for the same device in dry air (Fig. 3), by 
extrapolating the response using the fitting curve, we see that the response is expected to be about 132%. Therefore, 
we do not see any significant reduction in sensor response in the presence of 40% R.H. The sensor begins to recover 
slowly when the NO2 is switched off, and once again, there is no apparent change in the characteristics when the flow 
is switched from humid air to dry air. During the NO2 segment, there is a spike in the measurement at approximately 
t = 24000 s, which is attributed to random telegraph noise. This phenomenon has been observed in carbon nanotube 
transistors before [9]; it has been speculated that this is due to fluctuations in the contact resistance of the device. 
A second device (Dev #2) from the same fabrication run was further tested with varying levels of humidity, and 
the sensor signal was monitored as shown in Fig. 5. Dev #2 also showed no measurable cross-sensitivity up to 60% 
relative humidity. Nonetheless, this device responded to 5 ppm NO2 by showing a 183% increase in conductance. 
Fig. 5. Response of Dev #2 to humidity steps. The device is not responsive to humidity changes, and the measured sensor response remains well 
within the noise margin. Inset: average transfer characteristics of Dev#2 at Vsd = 1 V; b) the measured output of the humidity reference sensor. 
6. Conclusions 
In conclusion, these results suggest that pristine SWNT gas sensors are not cross-sensitive to water, as long as the 
nanotube surface is pristine and the nanotube is suspended. In our measurements, we also found no evidence that the 
presence of water substantially altered the sensitivity of the sensor, but further investigations are necessary to confirm 
this aspect. Our findings are in good agreement with theoretical calculations and further emphasize the advantage of 
using ultraclean, suspended nanotubes as sensing elements in gas sensors. 
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